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unreacted Fe~3 was found to reduce the grain size for low si.ntering· 
Cl 
temperatures,"', but di-d not apparen~ly affect the grain siz~ fcir th·e 
.hj.gh~r temperatures. In general, the results indicat~ that a_n aver~g_e 
. .. i ' 
particle size in the .range of one to two microns·. and a fully· reacted 
ferrite powder is desirable for optimum sintering behavior. An activ.a--
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tion energy for grain growth of 130 Kcal/mole was determined in thi~ 
-inveJ;t,igati.Qri. for magnesium-manganese ferrite, powder of this ,ty_p·e_.,_,, 
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... A -,m~~nesium-~~ng~;·se .· ferrite is u~ed ~o. produce-a.~ 1>a~ic-memOfy1 .=-· : __ ~ __ -_- -!-
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· c·r- < · _ s:,,~~~m, manufactured by the Western Electric Compa~; .-<1) · This square 
loop ferrite is p_r_pceased into a- sheet appr~ximately one inch square\ 
_, 
- - l . --
\ . 
4{-· 
-\ 
\ .. ,: I 
___ ... and 30 ,niils thick, .containing 256· holes, each 25 mils in diam~ter. 
- -
-~- - -- ---~=,c=-~·1fhe-se hoi-e-s---aTe -spa-c-ed in- -a -square ar·ray OD -50 lllil ceii'fers. • ; ~ -.~·---=--:_ __ - - - - -· --~·-..,._·:_··- -~- _; _ _:_c=-__ - ·-"°F'"- - -~---'fhe mag-
-·-·netic properties are specified as 1.9 oersted coercive force, 1800 
. gauss at ~aturation and a squareness ratio of O. 97. <2> A total of 204-, 
:sheets are assembled into one memory module~ 
-·! _I. 
·, . 
-·-rhe·operati<iJt>·o·f the memory module is for coincident current 
switching.· The iogic cJr.cui ts of the ·system control the input signals !"" 
~ 
to the memory such that access: to a --memory location is obtained by 
s·· 
·.r-· 
,,_- -·current pulses o.n an Xi, Yi, and.Inhibit windings, and the output is 
'r. 
- -·~ 
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. _\ ' . 
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· ·sensed. by the Read winding. Any one po.sition in memory is switched 
. ' 
·when_ the resulting signal current is 500 milliamperes, but any other 
$Wi1tcht~_g posi tiol) must not be degraded on the ·2s·o milliampere signa-1 
-,,,~. 
·pu1~1 of ~n indl vi dual windtng. It is this magnetic prope:rty that must . I 
be obtained in ,the processing o·f the memory sheet. Tbe switching· level 
. 
can be vari~d by a number of me~ns, but for a giyen -camposi tion, only · 
the porostty' ·and· g.rain size have an effect. (3) 
·-··-·-····-- - •. •n.., __ , ____ ·--~----------~------... . 
The process ··-ror-~he. _P..r?.~.!!Ol!._Qj__ the memon7 sh.eets. follows stand-
ard ·c"eramic procedure~. ( 4 ) .The baslc, powd.erEJof magne~ium carb_onate, . I 
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. Dlariga\iOus carb'~na te, and ferric :oxide are wet. ril{xed to obtain a_ homo- \ I 
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; . geneous mi~tur!:_-__ ~-, !~~ :~slu_rry i.s .dried into cakes O and crushed into . - .·-_ . -··-----i- ---------.- .--~----- -- - ·-.. --
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powder·-ag"?in ... Th~n-, it is calcined to reduce.,.the carbo.nates to ~xides ------. -. --- ------------- . . 
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· · · -/.~nd · to cause -the three oxides·· ·to react. to form the magn~t1c · ferri i·e 
\ . 
... :~---~-:~~- -~- . ":~~~~- --~ --~(spine l s true tl;lre). Th·e~ ferrite is· subsequently processed by m~lling , 
---- I - j I . 
-----------···--=-·-~-and drying·-to ·a dry powder-- for pressfng-lnto shape ... -·Th4~~--is --- --
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. ml Iled to reduce the size of . the particles and to mi-x in a binder. 
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After the milled slurry is dried into agglomerates, it is pressed_ i'n-to ... 
green. memory sheets,. The sheets are then sintered to produce inner-
-... 
- ---- - --------- -- --
a-tomi c. bc>'ntls ·oetween:···-g·raf1ts-~~ana · to obtain the· desired switching 
cnara:cteri sties •.. 
•, 
. ',.' ·, -
,, Variability of the operations makes it difficult to consistently 
pr?duce acceptable ferrite sheets. Control 9f the process is now 
·maintained on the basis of an analysis of· samples that are taken at 
various steps in the process. The two principal factors to be co·n-
trolled are the physical dimensions of the sheet so that it can be: 
---~~-~~~!?led into the ~odule and the magnetic characteristics so that the_: 
desired switching level is obtained; A variation of sintering time or 
.. :, 
0 
•l.~·••e•-••••-
- ·- ~···-- -- -~--· ~-. 4--
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-------------·---~~----·-----~-·----------------·---------·--------------
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-- -- -- - ....... __ 
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t em pe rat ure necessary for control of one property can cause an adverse 
effect on the other ·property. As an example, to correct for· an overly 
_ __ .- _ .. rP. d~nse green sheet, an increase of sintering time or temperature. is _re~ ... 
· ' . ' - __ ._,_,_,,_""-•=......,,._.. ......... : ..... Ill~=:•=-•'"'·--_ --- " · • ., ...__.______..L, ---•-'--'-~~· .-.. 4•--•-~-
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,----qui--!!~d ~ This,- however,· wt!.11 also cause . a decrease in_ the _9o·erci ve 
. . 
. 
. force and squareness ratio of ,the ferrite. ~The effects of some other 
.• \ 
. \ ' 
. changes in the process- have been studied,. howeve~ not_all of these are 
' 
. . . . . .. . . ( .. ·• lir' ~ 
· -. ~omplet-ely understood . 
. ' 
\ ' 
·----The· purpose of this thesis 1$. to .in.ye~_tigat~( t.he effe_ct .. ~o.f __ _ --
· •·••M'"'. - .• •·•• --b·~,•• •··.",',, ••,-<•'', ''"•' ·•--• 
- .. ·•. ---· . .. -
- ------ " \ . 
starting powder -characteristics on the' s-intering behavior of the 
\ 
· magnesium-manganese ferrite sheet. . . 
'' -<= l . . . ' 
The <iini-ensi .. ons of the sintered meniory sheet"~ are dependent ·on the \ 
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I green .,_density ·and on t_he' sinter.ing time and temperature ... 
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·. i~ ·turn, i~ dependent· on b~nder ·content, pressing fQrce·, .pa:t-ti~le\.size.,· 
• ...... l 
. \ 
i ••• and particle sfze distribuiioD.. (5)- · The pack.ing 9f sin.g1e-.siZed p3.rti~ -- .·~- -· ·--- .. 
-
. r-
\ 
' randomly posi tiuned" resu-~s-r-n- about 40 vol pct porosity~ 
-·--·--- . - .. -· --l'""''v.:~·---- -. 
'"tl •I 
•. i 
--_:: -··. ceramic. -compost t'!ons contain mixtures of fine,-- medium, and coarse 
~'- , particle sized materials tO obtain high density~ . A minimum poi-osity 
·----------·-~ ---
., ·····---·---·-... -·-·-----------"- -
- - - --··------ -----------·- . - . - -- - --- . - ·-~,, .. ~ ........ - ~ .. ·- --·-·-··· .... ·---------·--··------·~····---~··--·-·-·-·-··-·--··---·-· ~--
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-. has been found for ceramic powders that contain appro~imately 70 pct< 
--·-
coarse ma te·rtal with the remainder being fine. 
The sintering process is presently considered to occur in three 
..• 
stag~s;~Initiatiort, mate~ial tran~port, ,nd grain growth.CG) No 
' ' 
::·: 
distinct division exists betwe_en ____ the_s_t_ages and to further ·complicate 
. - -·- -·----····----, ........ _.,_ .•.. ~~ .. ---------- ' . . . 
the probl~~' differences in the sintering behavior have been noted for 
\. i 
different ma.:t-erials (ceramics vs. metals). -~ 
•·· 
-·· -·------ -· ------·····--·- -- ,. 
l. Initiation Stag~ __ 
1 
A more pronounced difference in sintering behavior has been noted 
- -· during the inltiation stage of sintering. The:pioneering :investigators 
--~-------------~~------ . -
) 
,H 
of sint.ering phenomena were interested in e_stablishing tbe i~itiation 
. 
• I t or Tammann ei;n,pera.ture. 
I It was tnought that the ratio· of the initiation 
_te~pera ture to ... the melting temperature would be a constant for given ... 
·- --- ------- .. -- ,r. 
classes of ,naterials, classifie_d accordi!'}g to qond characteristics 
(±oni.c, covalent o~ metallic bonding). Various mechanical devices 
-~ . 
were used .to dete·rmine the point a_t which powder particles adhered t 
. . 
' . . . 
to~ether at. an· elevated temperature._ ·The results of these studies 
. . . ... - ,_ _____ ,, '"· . ____ ,,_ - . .. ·- -·· . . .. 
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·~were not sat~sfactory· because of the- wide' sc.atter of the ratios of 
I@'"-
•, 
·,-
. Tammann . to . the melting temp~ra ture. 
. . . 
Mo,re r~cent· invest1gat1ons have been concerned with"establishing.,> 
..,. 
' ' 
sinte·ring rates duri;ng the· init'i~ti.9n stage, .. instead of establishing 
I . 
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i>owde:r·s ·with ·higher· internal energy have ·._-the· inltiat~on temp.erat:ure. 
·' .... ·,p 
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\ \. 
-been noted to sinter at a faster rate than-- other p~wders .of :the sam·~ ·· _-·-
. - J . - . 
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V material ..... · ''fiie'se · nae.ti.Va ted'' . powders that_ h~ve been i1oted __ -for ceramic ... 
-~ 
maferials can be explained by the high surface to volume·ratio for. 
' 
. . ,... . 
. ····-~" --· 
I 
--...:-- . . -- .~t. 7·,, . -.-::,. . _,, --- . ' - . - -- ----------· ···-····--··--··, --- • •· • 
.. 
fine particle size$. The. __ tisqally brittle nature. of most ceramic mate...~-----. 
\ 
rials ·excludes cold working, which was used for metals as a mechanism 
' '· 
- for explaining an activated state. ~etalTic .. powders·· can b~L-~higlily· 
·-----
._compress~~ to induce a .l:\igh level of strain energy into the particles 
I 
which promotes· an increased initial sinte,ring rate. 
.• : ·'1. 
.,,, ;.., :~~ . 
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. · 2. Material. Trans,port Stage 
'.\ ,· MaximtDn shrinkage occurs duri-ng the material transport phase of 
sintering. - .During this period the porosity is re~uced, and the shape 
·of ".the---closed pores beco~es spherical. Transport of material is con-
·sidered to occur by -four po~sible me .. chanisms.-:- .... _ · 
I 
- ·. ,-..... 
·--..... __ 
_ •• _.•· _ • ._.;.o__ __ :" ____ _ 
a. evaporation_ and condensation, _ _. · .. __ -- ----.. '\,· 
··----------·-----------.. ·-·---------..1.:.-·---- ' -··· ·-·---- -. ---·--·---- --~---·- ·--··______._· _________________ .. __ .__ ____ . --·--···--·-- , 
·' 
__ .... _··: •• r_ 
b ... surface diffusion along grain boundaries, 
.1: .. 
c. .yp.lume diffusion through the- material, and. 
':, 
.d.. mactoflow, such as ,viscous or plastic mov.:ement: ·of material. 
I • 
, • of 
-~ 
One: ··or mo·re o.f, these :may ,b:e ·a factor in the .si,ntertn·g behavi.or, de·pend-
~- ' 
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. •;.1-··mechanism. Jli diffusion the material .moves:ei ther through (volume 
diffusion) o-r over the surface of ihe grains to fill voids. .Both 
-
routes are. probably used in earl-y stage~ __ of sin~eri1'~, especially if' 
·" 
the material has small particle sizes.· In the la~ter phase of sint'er- · 
- . 
. . ing , .. after some of· ·the pores have been by-passed by the grain bound-
ari_es', material transport mu~t occur by volwne diffusion. 
"' 
A r.~J.ati ve_ly massive movement· of mEt-terial has been noted in th~: 
" 
., 
sl.nt.e.·ri.ng of both metals and ceramics. This movement, termed macro.-
flow 
. . ' has been postulated to occur by o.ne of two me.chanisms. rhese 
,me.chanisms are plastic· flow·'. and viscous flow, both. of· which are con-_ 
sidered to·be- activate~ by the 4riving force of surface tension. 
. ''.--.... ~ ·--.--~---·~-
Mackenzie. and. ·shuttl.eworth <1s) 
rate of. shrinkage1 an·d the porosity and visc~si ty of. the material . .,. 
C. .. • ~ • 
. 
·-Cl~rk and Whi tel19) propose1d a similar -relationship for plasttc flow .. 
.. ,'-, 
,. ,. 
:·Bofh of these relationships have provided' a correlation with the 
,:..ac.tua_l _ _s~ntering ~a:tes un.der. conditions where _macro flow-· was the_ pre-
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:.. ...... · 
:domi-nan.t ,,factop. dttring the sintering proc.~ss. 
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-The_ per-iod:· when,· the average size-o-f · ~-- grain increas.es .. --under· -thermal-
~ ·, -~·· 
... excitation is ge-ne~ally con·side·red a gra·:in g~owth. periQd by ceramists. 
,· . 
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. ' However, the same event-occurring in metals is termed primary recrys- . 
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co.nf~sion between-~me-tall.urgi.st_s .and ceramists~ · One ~theory considers the . 
. . 
· ·dri vin~ fo-ree__!or primary- recry.stalliza tion to be lattice straihs 'in the· 
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·-this were true. ·A tnore acceptable theory is that the ·reduction--of free 
\ 
energy, brought about when the ratio of surface to volume decreases, is .. _ 
the driving force. In the anneal-i-ng-~ of metals, the resultant gra-i-n'--c----_-, --.->-------
'· ... .;:··1 '.. ' size effect is toe· same as the grafn si.ze effect of sintered cerami-cs--;--
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Comparison of· grairi ~growth in metals with oxide ceramics shows a great 
I • 
similarity in th~ growth ·mechanism. <7) This supports t~e argument .. !or . , 
•,! 
I ~ . . the lowering of .free ene ..;rgy by reduction of_ the ... sur-face-.to volume r-atio-. ,· •• •• ·-: •4•" - --··· 
' ;,· In general, ,any ·study of grain growth' leads to the fol.lowing 
empirical expression: 
·· D = Ktn, .. ··- (1) 
-
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where Dis the grain diameterj ·t· is time, Kand n.are temper~ture de-
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The· important asswn:ption t_hht. is made to ~arrive at the above 
expression is that the starting size of the· powder is negligible. 
F~rther, this_ is good o~ly for -continuous. grain growth. If the s·tart-
, ..... ii 
I ing particle size is appreciable., the resulting function. becomes: 
(2) 
where _D0 _ is ·the starting diame.ter at zero time and A is a constant de- .. 
. ·---~------
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of the ·factors that complicates grain growth analysis is ·discontinuous ,, . 
.. . - ~~· . 
"· .. grain growth. Grain boun~larfe·s can become pinned by l~rge .inclusions 
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.. and the small, high energy. grains- -would, therefo.re, ,align rapidly with . 
., 
~h~ larger grains. 
-·Although most i·nvestigators agree that the particle size of the 
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.. powder has an effect on the sinter~ng behavior, very :(ew authors· rep~rt 
. . 
resiults :relating particle stze to sintering properties. One of the few 
reports.that presented results was by Poster, Waldo and Hausner on the 
e{ff.ect of particle size distribution on the sintering of molybdenum. (B) 
.i; 
" They prepared loose, slipcast, and three-pressed powder specimen~t__.from_ __ _ 
·;· fine·- and· coarse powders. The fine powder was defined by. a:µ average·· 
-~--~=~='""-{~O pct size on ·a pet fine-r--- d:istribution plot) size_ of one micron and 
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a ·maximum siz~ of 3 microns. . Values for the coarse powder were a 
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§ pct of the coarse powder was in the same stze · range as the fine pow,.. 
der. Seven mixtu:res of the two, powders were used to make a total of 
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' . \ . nine .d.i ff ere.nt _ powders_._ ---~J\11 ___ _$~_cimens __ wer_e_~_presin . te.r.ed · for one hour 
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. at 1250. C 1--n---a--h·ydrogen a tmosp,l1ere. 
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The densification of specimens 
~- --wa.s---used' a-s--·t·he basis- of comparison for this st.udy .. . Their:restil_t_s · 
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. {3) tne· format1on of stresses during compaction do not significant_ly 
.... .-- ·.>~_::~ ~on.tribute, to the rate of densi fica tion. , .. - -~---
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·--TnEfre are many reports on the sintering of ceramic.s and metals. 
General reviews· of the various ceramic studies can be found in.books. 
--~~----- - ·--- .. ---· 
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such as ~Kinetics of High Temp~rature Processes)C9) and (Ceramic 
Fabrication Processes). (4) Most reports 1tenerally stress grain growth 
\ 
and densifica.tion as important sintering behaviors £or ceramics, but 
. . 
only a very few report grain growth or densification rates. ..... ,I . Tien and 
·· Subbarao<lO) investigated isothermal grain growth of the oxide system 
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The starting PQ\Yci_~-r~,pa_rticle _ ·s_~_ was __ con__si~dered~--·--------·------------ , 
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negligible compared.to the sintered grain size, so---that.the. function 
D = Ktn could be· used. Values for n were determined to vary from o .. 41 ... 
at 1600°C to 0.32 at 20006 C and the activationsenergy was found to be· 
~. 
-about 80 Kcal per mole. Their.average grain sizes were determined by 
. the int~rc~pt method· (ASTM Desig~ation E~.112-55T). 
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, An investiga>tfon( reported l:)y Yamaguchi ·(11) relates the effecf 
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·-~:_:_. · ·_- · __ ·,,. ___ ;,_. o,!~ po_wd.~r parameters to the sintering propertfes·· of a Mn-Zn ferrite.- · 
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rite powder by c}:l,angi-ng the calcining temper~ture and ball milli.ng time. 
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· This procedure· resulted· in. average .Particle- diameters v:_arying from the 
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size solid. _ ·yam·aguchi concluded that the different microstructures· · 
resulted from differences in the starting powder conditions and the 
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occurrence of discontinuous grain growth. He did not report values 1 
~or grain growth rates and ·acttvation energy. 
I • Grain growth in magnesium-manganese ferrite was reported by 
John~ton and PalmerC12) as the pct small grains remaining. They deter-_ 
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..... min·ed the area of grains from the microstructure of the sintered sample· .. 
• I They found a 10 m-icron diameter was the approximate limi ti.ng size for 
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· large and small grains. - .The large grains-~-gr·ew· to 100-200 microns in 
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show the partic·_1e size distributions for the four p9wde_rs. The amounts 
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. . The starti11,g powders were 
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mixed with de7ionized water, in a turbo-mixer-for 45 minutes to obtain 
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a homogeneous mixture prior to calcining. - The mixed powder was fil ter.ed 
and oven dried to remove the water. The-dried filter. cakes were then· 
.broken up by gri-nding to -20 -mesh. The pow~er- was then calcined· to 
form the ferrite. , The first batch was calcined -at 950°c 1or 16 hours 
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size· analys1s. The batch pu~-- Jqto a Number 00 size mill· jar was as ·r 
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fo-r th~ B-12 powder, anrd 20 hours for the .B- 22 powder. 
:The_ binder was mixed into-- t-ne---pewde-r----and- the -xylene evaporated by~-
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using a double motion planetary mixer with a heated pan. Ten gm of 
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L isobutyl methacr.ylate binder and lQ cc of dimethyl phthalate plasti_-: ___ _ 
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cise·r were dissolved in 100 ml of xylene and added ·-to the milled slurry~ 
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Th·e ·resulting agglomerates wer.e air dried overnight and then pulver~zed . 
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tively, were blended for pressing. The amo·unt ·of binder and the ratio 
of agglomerate sizes were previously determined to h~ve· optimum pre.~sing 
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and shirlnkage characteristics. (14) 
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. approximately· 30 mil~ thick,. - ' A Dorst Model. TPA4 mechanical press was 
..... 
-
·adjusted to press sheets to a pressure of 35,000 psi." Variations in \\ 
the pressing ·forG-e--wer.e _noted andattribu.tetl'"to insufficient filling 
• .• . t_;__ !~ 
-·~ 
l 
I 
-~ _, 
__ --·--·-·- _ ~--~~--~ --- ------.- ·of tl\e di'e With· :fhe~erri te powder. i'', t-·. 
--------·--·---~---- ~ 
:/ 
~ . . 
. 
f.:: • .... ,. _, . . . 
:;: .-··';:-· .. -.=-cc·~,,.,=--~---···--·--:-··---·--···-···::·:~.-~~-- -;·:·-······---~he -~l)eets- we~e slntered in a laboratory! tube furnace (2. 5 . i'nches 
1---.....-----:·- ,- .,._\ 
ins:i.de diameter) .,with an. atmosphere flow of 1.5 liters p_er minµte. Al_r\ 
. . was used for atmosphere during; heating, soaking, . a11d . cooling to 11oo<>c •· 
• ·.. • 'I, i, -
,~, _, . .I _- --.-:~-; . = :--"--_~· ~-A-t- :-1-lOa°e· -,;the · atmo.s~here was swl tched to. ni_t~9gen. for cooli~g . to - the 
' . . 
· .. - -. 
. . . 
' • .~ A ( • •:, 
ambient · -~empera tur~. · 
---- ·--·--···-· 
- ' -- --- ,._ t:' 
. -·; 
' .. 
;·. 
~-------·---------- .___ --- -:_-:' . ----·- '--- ---···-·---· 
\· 
. · .. ,~!,.;'-,e,,-, 0 ,.:.r,1"'·•~!~{:·•!>'·.:w '·'····-·"·""''"''·_- · 1..,.,,, ·, · · '· ,,,: ' '" ,·,{. · · ::.:,, -;, ~ ... ·· ·· ·· ·-~~ -~ - · ., . · -~-----····--····----· 
... 
-- . __ ~-- -- -- -- ·- ...... ---- ·----
/ 
·-· ' 
·1 
'. 
··-. . ...... 
I .1 .• 
\ 
),- ---...---· 
.... 
i 
j.·--
t 
[ 
. . ··:, ,.._ ... - . 
. . · .I •... 
. · l . 
.. -·--,- --- ., '":"·Ji·..:i•.--·' 
' . ' 
.. ··_,, ( ... f --~-
·-------·~-- .._ 
··--'-- /---~--- - __ L _____ ,- _. ___ """'fll.-- __ ___;_f;- .,. ··--,. -
----. --- ---.-. -,, -· -. --'-------~--
\ 
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···1350°, and 1400°c. The. soak tim-es of zero, one, and two hours were 
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· kep,t relatively short to avoid pr~blems with discont'inuous grain growth. 
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At the middle temp,e.rature of 130o0 c, three additional soak times ·of 
o. 5, 4, and s· hours were used to 'obta1.n the effec't of longer ~soak times.--~·. 
----The me-tallog~aphic technique used to obtain the microstruct"tire of 
sintered sheets. consisted of mountii:ig the samples in .. a resin, then 
grinding, and po'li_shing. (lS) The milled ferrite powders were thoroughly 
mixed with the resin to dis}:?er.se ·the· individual particle-s. These sam-
.ples were also ground.a~d polished for particle size analysis. 
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Tlie presence of the11 unreacted Fe~3 should retard the ··g·rain growth 
of the ferrite because the reduction of Fe2')3 to FeJC>4 must occur first.· 
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